In a large-scale study featuring a constant mixed layer model, Cayan [1992b] showed that the latent and sensible heat fluxes were related to the rate of change of the SST anomalies in the northwest Atlantic.
Introduction
The northwest Atlantic exhibits the strongest sea surface temperature (SST) variability of any region in the Atlantic between 30øS and 70øN [Weare, 1977] . The seasonal cycle has a range of about 16øC (Figure 1 ). The monthly variations about this seasonal cycle are also large and, at times, have exceeded 5øC. For example, from the early 1950s to the mid 1960s, the SST on the Scotian Shelf dropped by about 5øC, a large change even in comparison to those predicted recently under doubling CO2 climate scenarios. To fit this variability into a more global perspective, note that the standard deviation of the monthly anomalies in the northwest Atlantic shelf region (--•1.7øC) exceeds those found anywhere in the Atlantic and Pacific between 20øS and 60øN, including the active upwelling region off the coast of Peru [Weare et al., 1976; Weare, 1977; Cayan, 1986] .
Early studies of the relationship between North Atlantic SST and the overlying atmosphere were generally qualitative or statistical. In an important and insightful study, Bjerknes [1964] hypothesized that interannual changes in large-scale SST patterns are driven by the atmospheric circulation while the interdecadal changes are related to ocean circulation. This point of view is generally held to this day [e.g., Gordon et al., 1992] . More recently, Bunker [1976 Bunker [ , 1979 In a large-scale study featuring a constant mixed layer model, Cayan [1992b] showed that the latent and sensible heat fluxes were related to the rate of change of the SST anomalies in the northwest Atlantic.
As part of an ongoing study of SST variability in the northwest Atlantic, we have developed a simple model for upper ocean temperatures based on a modified diffusion equation. Our long-term goal is to determine the origin of the low-frequency SST changes observed in the northwest Atlantic and, in particular, the dramatic decrease from the early 1950s to the mid 1960s. Is the decrease simply due to low-frequency variations in latent and sensible heat fluxes, The novel feature of our analysis is in the diffusion model which has been designed to explain, and be driven by, monthly-averaged data. It therefore has a time step of 1 month. Day-to-day variations in temperature structure, associated with the passage of storms, for example, are not modeled explicitly, but their net effect on the vertical flux of heat over a month is parameterized using a vertical eddy diffusivity, Kv. We show that such a model can do a remarkably good job of simulating the observed temperature changes if we allow Kv to vary with the background density stratification. We also describe a straightforward way of estimating Kv from temperature and salinity data. In a subsequent paper we will use our seasonally calibrated model to examine the low-frequency SST changes in the northwest Atlantic. This paper is organized as follows. The temperature and salinity data are described in section 2, and the mean and seasonal heat budgets are presented in section 3. • Using the mean density field, we infer a southwestward geostrophic current along the coast (the Nova Scotia Current 
Heat Budget
Based on the above description, it appears that surface forcing and horizontal advection are potentially important contributors to the seasonal evolution of temperature on the Scotian Shelf. We now attempt to quantify the contribution of these processes, along with that of mixing and upwelling.
In this section we focus on Emerald Basin, which is representative of other areas on the mid-Scotian Shelf and also an area with a relatively large number of observations. Heat and salt budgets for coastal and slope regions are presented by Umoh [1992] .
The 
Local Heat Storage and Surface Flux
The rate of change of heat storage, the left-hand side of (3), is shown in Figure 6a 
Ekman Upwelling
Vertical velocities were calculated using the standard formula for open ocean upwelling (we = k. V x (r/pf)). 
Horizontal Mixing
The most difficult part of this calculation is the choice of a value for K u. We used temperature and velocity data from 
Vertical Diffusion
A constant diffusivity of 10-4 m 2 s -• at z = -h was used.
We will show later that this is a reasonable assumption. Overall, there is a diffusive heat flux from the deep ocean into the surface layers with an annual mean of about 10 W m -2 (Figure 6b ).
Does the Heat Budget Balance?
The dominant term in the long-term annual mean budget for Emerald Basin is cooling due to horizontal advection (Table 1) . The mean budget is balanced to within about 10% of the largest term by the combined effects of Q, horizontal mixing, and vertical diffusion. Given the errors in the data, as discussed below, such a small imbalance is almost certainly fortuitous.
The seasonal heat budget for Emerald Basin is more straightforward: to first order, the rate of change of heat content is simply due to Q (Table 2) It is difficult to obtain reliable error estimates for Q, although they are probably of the order of tens of watts per (Figures 6a and 6c ) may be caused by horizontal mixing (Figure 6b ), bringing warm Gulf Stream water onto the shelf. Unfortunately, horizontal mixing is generally not negligible on longer timescales and will pose a serious challenge to modelers of interannual variability in this region.
Modeling the Vertical Temperature Structure
We have seen that most of the seasonal variation of OH/Ot on the mid-Scotian Shelf can be explained by Q and horizontal advection. We now attempt to explain the seasonal variation in the vertical temperature structure. Our approach is to use a one-dimensional diffusion model, modified to include the effect of advection. The reason we have employed such a model, instead of a more conventional upper ocean model such as that of Kraus and Turner [1967] or Price et al. [1986] , is that the data available to drive our model (e.g., Q) are monthly means and so we cannot simulate explicitly the episodic deepening and shallowing of the mixed layer associated with the passage of storms, and their effects on the monthly mean temperature profile. In our model such high-frequency variations are averaged out, and their mean effect is parameterized using an effective vertical diffusivity.
Modified Diffusion Model
We assume the seasonal evolution of temperature on the mid-Scotian Shelf satisfies
ot oz where F(z, t) is a source-sink term which from (3) includes horizontal advection, upwelling, horizontal mixing, and vertical diffusion, but as shown in the previous section, is due primarily to horizontal advection. To use this equation we need not only the boundary conditions, which we can obtain from observations, but also F and Kv. F(z, t) can be estimated in different ways. We initially estimated it directly from observations. However, the estimates were very noisy. We therefore adopted the following approach. First, we depth-integrated (7) (12) is that it does not depend directly on the current shear; that information is absorbed in a which we take to be constant.
The procedure for estimating the three unknown diffusivity parameters (K0, a, and p) and the e-folding advective scale (•i) is both statistical and straightforward. We first express (7) in finite-difference form using a Crank-Nicholson scheme which is second-order accurate in both space and time and stable for arbitrarily large time steps 
where N -10 x 12 is the total number of grid points in the vertical times months in the final year of integration. By systematically adjusting the four parameters it is possible to find the set that minimizes E. Note that this parameter estimation method can easily be modified to find the best fitting constant K,by simply setting a = 0.
Results
We experimented with • in the range [0, 100 m] and p = 1, 2, and 4 and found the optimal choices to be p -2 and • -60 m. From contour plots of E as a function of K0 and a (not shown) it is clear that these two parameters covary: a low value of K0 can be compensated for by a low value of a, and a high value of K0 by a high value of a. It is thus the ratio of these two parameters that is important. We found that the best fitting parameters for Emerald Basin are Koc -15 x 10 -4 m 2 S -1 and ac = 4.00 x 10 4 S 2.
Diffusivities calculated using K We now extend our discussion to include time dependence in Q, F, and Kv. In particular, we use our diffusion model, which we have already shown can reproduce the cold intermediate layer (Figure 9b) , to examine the individual contribution of surface forcing and horizontal advection. Such an approach is possible because the diffusion model is linear with respect to these two forcing terms and hence the temperature response can be calculated with either Q or F set individually to zero. Note, however, that this approach does not allow for the change in Q that may result from the change in sea surface temperature associated with a change in F. Likewise the change in T(-h, t) associated with a change in Q or F and its effect on the overlying temperature structure are also ignored.
Contribution of Q
The model has been run into a periodic steady state with surface forcing by the observed Q, and with F and T(-h, t) both set to zero. This is an attempt to determine the seasonal The long-term mean heat budget is more complicated than the seasonal heat budget and highlights the difficulty of modeling interannual changes in this region. Horizontal advection makes the strongest mean contribution (--40 W m -2) and is balanced to within 10% by Q(--•25 W m -2) and horizontal mixing (--•11 W m-2). On a positive note, the small imbalance in the mean heat budget increases our confidence in our estimates of Q. On the negative side, we note that horizontal mixing, and to a lesser extent horizontal advection, will be extremely difficult to model on interannual timescales with the accuracy required to hindcast SST variability. To illustrate, ff we assume that an imbalance of 3 W m -2 in the mean heat budget, the result of increasing horizontal mixing, say, is compensated for by an increase in local heat storage, then the change in mean temperature of the top 50 m over 10 years will be AtQ/pcph = 4.3øC. This is significant in comparison to the observed interdecadal variability in this regi. on and indicates the accuracy with which processes like horizontal mixing and advection will have to be modeled. Notwithstanding these potential problems we are currently using our seasonall'y calibrated diffusion model to isolate the contribution of Q to the interannual temperature variability in this region and will report our findings at a later date.
